A chemometric tool based on the Function of Mutual Information (FUMI) theory can provide a relative standard deviation (RSD) without repetitive measurements in high-performance liquid chromatography with electrochemical detection (HPLC-ECD). Two parameters: precision (= information content) φ and efficiency (= information content/time) θ, which were calculated from predicted RSD based on the FUMI theory, were used to optimize HPLC-ECD conditions, such as applied potential, flow rate, column length, and size of ODS porous packing. We selected catechins as analytes, and found that the most optimum applied potential and flow rate were +600 mV vs. SCE and 0.9 mL/min, respectively, because they gave the largest φ and θ values. Buffer concentration in mobile phase is less effective for giving large φ and θ values. Since the FUMI theory makes it possible to predict RSD without repetitive measurements, the present method saves considerable amounts of chemicals and experimental time, and was found to be useful for the optimization of experimental conditions for determination by HPLC-ECD.
Introduction
For the optimization of high-performance liquid chromatography (HPLC) conditions, various quality criteria in several versions have been developed and used experimentally. [1] [2] [3] [4] [5] [6] [7] [8] Among all such criteria, peak resolutions (Rs) are commonly used for optimization of HPLC conditions. [1] [2] [3] [4] However, optimization of HPLC conditions using only Rs is not enough 2, 8, 9 to give the data having the best S/N ratio. In addition, researchers have also made every endeavor to find HPLC conditions which can provide the most precise measurements in the shortest amount of time. [5] [6] [7] Precision and efficiency (rapidity), therefore, are essential qualities of any analytical system intended for quantification. An analytical system will set an experimental condition and its operations will produce its own precision and efficiency, from which the analytical performance of the system can be evaluated. The most precise analyses are usually estimated by standard deviation (SD) or relative standard deviation (RSD), which are obtained by repeated experiments on the same samples; 10 thus, considerable amounts of time, chemicals, and effort are usually required.
Recently, Hayashi and Matsuda proposed a chemometric tool based on the Function of Mutual Information (FUMI) theory to improve prediction of the uncertainty in HPLC. 11, 12 Baseline drift in HPLC was approximated by a mixed random process of white noise and a Markov process, and the stochastic parameters of the random process were determined from the power spectral density of the baseline drift.
When the main cause of the uncertainty is the chromatographic baseline noise, the FUMI theory can predict measurement RSD and detection limits without repetitive measurements of chromatograms, so that we can select the best analytical conditions.
The two parameters, precision φ and efficiency θ, were used to evaluate HPLC with UV detection (HPLC-UV) 13, 14 (φ = log(1/RSD), where RSD denotes the relative standard deviation of a measured object's peak height, θ = φ/tR; here tR denotes retention time of a measured object's peak). Every chromatogram has its own precision φ and efficiency θ, and can be described as a point in a space spanned by φ and θ. Therefore, the plot of one-variable optimization produces a line in the φ-θ plots. 14 The precision φ-optimal is defined as the most precise condition among all the examined conditions and is characterized by the maximum of the precision φ. 15, 16 The efficiency θ-optimal is the most efficient (rapid) condition and is described by the maximum of the efficiency θ. But the aforementioned parameters have never been applied to HPLC with electrochemical detection (HPLC-ECD).
In the present study, many chromatographic variables (applied potential, flow rate, column length, ODS particle size, and concentration of buffer as supporting electrolyte in mobile phase) were optimized for the determination of catechins in HPLC-ECD. We were eventually able to establish a scale for the efficient optimization of HPLC-ECD conditions.
[(-)-C]), and (-)-epigallocatechin gallate (> 98%, [(-)-EGCg]) were purchased from Kurita Industrial Co. (Tokyo, Japan). Acetonitrile (HPLC grade), phosphoric acid (reagent grade), and sodium dihydrogenphosphate (reagent grade) were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Apparatus
The present HPLC-ECD system consisted of a pump (PU-880, Jasco), a sample injector fitted with a 5-µL injection loop (Model 7125, Reodyne, Cotati, CA), a column, a mobile phase (phosphate buffer (pH 2.5)-acetonitrile (85:15, v/v)), and an electrochemical detector (EDP-1, Kotaki). The following columns were examined: a LiChrospher 100 RP-18 ODS column (250 × 4 mm i.d., 10 µm, Cica-Merck, Japan), a LiChrospher 100 RP-18 ODS column (250 × 4 mm i.d., 5 µm, Cica-Merck, Japan), a LiChrospher 100 RP-18 ODS column (125 × 4 mm i.d., 5 µm, Cica-Merck, Japan), and a Chromolith monolithic C18-bonded silica rod column (150 × 4.6 mm, i.d., Merck Japan). The column temperature was maintained at 25˚C. The electrochemical cell was constructed from a plastic formed carbon (PFC) working electrode, saturated calomel reference electrode (SCE), and a stainless-steel counter electrode. The analog data of a chromatogram from the electrochemical detector were amplified by an amplifier (L1201, Yokogawa, Tokyo, Japan), and converted to digital chromatogram data by an A/D converter (NR-110, Keyence, Tokyo, Japan); the digital data were recorded by a personal computer at sampling intervals of 0.2 s/point.
Underlying Concept
Detailed explanations of the FUMI theory have been provided in papers by Hayashi and Matsuda. 11, 12 The time variation in the baseline is described as the mixed random processes of white noise and the Markov process. The three noise parameters of the SD of white noise, and the SD and the retention parameter of the Markov process can be determined by the least squared fitting of the theoretical power spectrum of the white noise and Markov process to the observed noise power spectrum. The theoretical power spectrum (P(f)) in accordance with the FUMI theory has been expressed as follows:
where w is SD of the white noise, m is SD of the Markov process, ρ is retention parameter of the Markov process, f is frequency, α = (1 -ρ)/∆t, and ∆t means sampling interval. The observed power spectrum derived from chromatographic noise in frequency space is utilized for the parameterization of w , m , and ρ. Coupled with these parameters and the information on the signal shape over the integration domain, the theory can provide the measurement RSD. 11
where kf is integration domain, A is area of signal parameter, and I is injection error. At higher concentrations, peak area A becomes larger. So, the injection error is the most predominant factor in the precision, while the terms for the white noise and
Markov process are negligibly small. At lower concentrations, the contributions of random process are much higher than the injection error. The utilization of this chemometric tool will predict the measurement precision of various types of apparatus in HPLC-ECD. 17 FUMI φj for peak j takes the form: φj = -log(Sj) (≥ 0) where Sj denotes the precision of measurements (the standard deviation of errors; the mean is zero). 18, 19 The information flow θ of FUMI can be defined as: 16, 18, 19 
where tq denotes the retention time of last peak (= τq) or the observation time (sufficient time to observe the whole shape of the last peak q) (= τq + constant). The flow θ describes the time-average of the total information φ obtained during the time tq. For a single-peak chromatogram, the flow θ can be given as θ = φj/tj.
Two types of optimal conditions were proposed by Hayashi et al. 13, 14 The φ-optimal was defined as the most precise condition among all the maxima of the Shannon information φ called FUMI (Function of Mutual Information). 15, 16, 20 The θ-optimal is the most efficient (rapid) condition and was expressed with a maximum of information flow θ (the amount of information φ transmitted in a unit time). 20 Hereafter, φ and θ were called precision and efficiency, respectively. Hayashi et al. 13, 14 examined the optimization of mobile phase composition, column length, flow rate (velocity), detection wavelength, and the amount of internal standard in HPLC-UV. Such optimization was referred to as total chromatographic optimization (TOCO).
For individual peak information, precision φ and efficiency θ are expressed as follows: 13, 14 
In this study, the values of φ and θ obtained the RSD of 5 pmol (-)-EC, and tR denotes the retention time of (-)-EC. The optimal separation for two peaks is given by the following equation for resolution (Rs) that expresses the optimal separation: 21
where γ specifies the region where the peak is detected. N refers to a plate number column. A setup of γ (= 2.07) and N (= 10000) leads to optimal peaks with a slight overlap (Rs = 1.014). The information φ changes as a function of the position of the peaks, even if the separation is kept constant, as shown in Eq.
.
Results and Discussion

Precision and efficiency predicted by the FUMI theory
To determine the three noise parameters of w , m , and ρ, 1024 digital data points converted from analog signals of the chromatographic baseline (0.2 s/point) were transferred to power spectra by Fourier transform (Fig. 1) . The noise
parameters can be determined by the least squares fitting of the theoretical power spectrum of the white noise and the Markov process to the observed noise power spectrum, as demonstrated in Fig. 1B , and can subsequently used to predict SD in the time space. With the parameters of w , m , and ρ and signal peak area over the integration domain, measurement RSD can be determined. The power spectrum of a chromatogram baseline is indicated in Fig. 1B . The zigzag and smooth lines in Fig. 1B represent the baseline power spectrum and the best fit based on the FUMI theory, respectively. Figure 2 shows chromatograms of (-)-C, (-)-EC, and (-)-EGCg mixture containing 5 pmol each obtained at various flow rates. The first peak on each chromatogram is injection noise. The predicted RSD was calculated from Eq. (2) based on the FUMI theory.
We previously reported that the RSD observed by repetitive measurements was essentially identical with the RSD predicted by FUMI theory in HPLC-ECD. 17 It is therefore clear that the FUMI theory is useful for predicting the measurement precision in HPLC-ECD without repetitive measurements. The RSD and the detection limit at which 33% RSD was given for (-)-EC are shown in Table 1 . The values of φ and θ obtained the predicted RSD of 5 pmol (-)-EC from Eqs. (4) and (5) and are listed in Table 1 . In this study, φ and θ for 5 pmol (-)-EC were chosen as the optimization criteria to select the experimental conditions for determining catechins by HPLC-ECD.
Optimization of applied potential
The detection limit of (-)-EC could be readily obtained from only one chromatogram based on the FUMI theory. The hydrodynamic voltammogram for 5 pmol (-)-EC is shown as a curve (a) in Fig. 3A . Peak height was greatest at +800 mV vs. SCE. Sensitivity at this potential, however, was not particularly remarkable owing to the relatively large noise and poor reproducibility of the chromatogram. Detection limits obtained based on the FUMI theory were plotted against the applied potential in Fig. 3A as curve (b) . The detection limit may be best at +600 mV vs. SCE. The precision φ and efficiency θ obtained using the FUMI theory were plotted against the applied potential. The φ-θ plots are also shown in Fig. 3B , where the upper right-hand window gave the optimal applied potential. When the applied potential was changed, the chromatographic noise and signal, that is to say, the precision φ, were also changed, but the retention time of (-)-EC remained constant. Therefore, φ-θ plots become straight lines. The largest φ was at +600 mV vs. SCE. Thus, this potential was selected as the best applied one.
Evaluation of columns and optimization of flow rate of mobile phase
As shown in Fig. 2 , the peak heights as well as retention times and Rs for (-)-C, (-)-EC, and (-)-EGCg are dependent on the flow rate. For a flow rate of 1.20 mL/min, each peak was detected within 6 min, but their separations were poor. As the flow rate increased from 0.30 mL/min to 0.90 mL/min, peak height increased. However, each peak height at 1.2 mL/min was smaller than that at 0.90 mL/min.
Chromatograms of catechins were obtained using a mobile phase of 0.1 mol/L phosphate buffer (pH 2. (-)-EC, the efficiency θ of (-)-EC and the Rs of (-)-EC and (-)-EGCg were calculated for each column at various flow rates. All the data obtained are plotted in Figs. 4 and 5 .
In Fig. 4 , Rs of (-)-EC and (-)-EGCg ranged from 0.6 to 3.8. However, in general, peak separations should be more than Rs = 1.1. Since Rs of (-)-C and (-)-EC were larger than that of (-)-EC and (-)-EGCg, the lowest Rs was determined to be 1.1. Although φ values for Chromolith (150 × 4.6 mm i.d.) column ( ) at the flow rate of 0.90, 1.20, 1.50 mL/min implied excellent peak precision, peak separation was poor.
In Fig. 5 , φ values were plotted against θ values for each column and flow rate. When LiChrospher (250 × 4.0 mm, i.d., 10 µm) column ( ) was changed to LiChrospher (250 × 4.0 mm, i.d., 5 µm) column ( ) at the flow rate of 0.45 mL/min, the peak of (-)-EC became sharper and taller. Therefore, ODS of fine particles gave the chromatographic data with higher precision φ and higher efficiency θ. A comparison between LiChrospher (250 × 4.0 mm, i.d., 5 µm) column ( ) and LiChrospher (125 × 4.0 mm, i.d., 5 µm) column ( ), showed clearly that shorter column made the peak (-)-EC sharpen and made the heighten, and made the retention time of the peak shorten. Thus, both precision φ and efficiency θ were increased. In the case of HPLC-ECD conditions at 1.2 mL/min, the highest flow rate of the five examined using LiChrospher (125 × 4.0 mm, i.d., 5 µm) column ( ), the precision φ was not highest. This may be due to less current efficiency. For the most precise analysis and the highest throughput analysis, maximal values of For a UV detector, peak height does not change even if the flow rate of mobile phase is changed. 13, 14 Thus, θ was increased while φ was kept constant 13, 14 when the flow rate was increased. On the other hand, for an electrochemical detector, φ and θ, as well as the peak height were dependent on the flow rate. This is due to the electrochemical detector monitoring current against heterogeneous reaction occurring at the interface of the working electrode surface and the solution in the electrochemical flow cell. It is clear that the flow rate is an important factor for precision of the measurement of chromatograms.
Optimal concentration of supporting electrolyte in mobile phase
The mobile phase was a mixture of phosphate buffer (pH 2.5) and acetonitrile (85:15, v/v). The effect of the phosphate buffer concentration as a supporting electrolyte on the detection limit of (-)-EC was examined. The electrolyte may give rise to noise owing to resistance of eluate toward electrodes in an electrochemical cell. The detection limits of (-)-EC were 14.5, 14.6, and 16.3 at 0.1, 0.01, and 0.001 mol/L phosphate buffer concentrations, respectively. In Figs. 6A and 6B, the precision φ and efficiency θ of (-)-EC and Rs of (-)-EC and (-)-EGCg were plotted at various concentrations of the buffer. The highest values of φ and θ were obtained for 0.1 mol/L. But the ranges of φ and θ for 0.1, 0.01, and 0.001 mol/L were 3.02 -2.87 and 0.617 -0.586, respectively, so that the effect of the concentration of the supporting electrolyte within 0.1 -0.01 mol/L was found to be minor in terms of precision and efficiency.
Conclusion
The experimental conditions of HPLC-ECD were optimized by precision φ and efficiency θ calculated from predicted RSD based on the FUMI theory. The φ-θ plots and φ-Rs plots made it easy to decide optimal HPLC-ECD conditions. By the present method, selection of a column and flow rate for determination with precision and reasonable separation of peaks, and selection of applied potential for determination with precision were carried out easily without repetitive measurement. On the other hand, provided that buffer concentration in mobile phase is within 0.1 to 0.01 mol/L, it is not so important for peak precision of chromatograms obtained by HPLC-ECD.
The optimization of HPLC-ECD conditions are as follows: (1) Select the conditions of column and mobile phase under which every peak pair has Rs more than 1.1. (2) Decide the applied potential under which peak gives a higher precision φ. (3) Decide the column and the flow rate of mobile phase under which the peak gives greater precision φ and greater efficiency θ.
Because it is possible to predict measurement RSD from a single measurement of noise and signal on a chromatogram without repetitive measurements, the FUMI theory saves considerable amounts of chemicals and experimental time for the optimization of HPLC-ECD experimental conditions.
